In anticipation of the Gaia astrometric mission, a large sample of spectroscopic binaries is being observed since 2010 with the Sophie spectrograph at the Haute-Provence Observatory. Our aim is to derive the orbital elements of double-lined spectroscopic binaries (SB2s) with an accuracy sufficient to finally obtain the masses of the components with relative errors as small as 1 % when the astrometric measurements of Gaia are taken into account. Simultaneously, the luminosities of the components in the Gaia photometric band G will also be obtained. Our observation program started with 200 SBs, including 152 systems that were only known as single-lined. Thanks to the high efficiency of the Sophie spectrograph, an additional component was found for 25 SBs. After rejection of 5 multiple systems, 20 new SB2s were retained, including 8 binaries with evolved primary, and their mass ratios were derived. Our final sample contains 68 SB2s, including 2 late-type giants and 10 other evolved stars.
The knowledge of the mass of stars in a binary system, together with the assumption that the components have the same age and initial chemical composition, allows one to determine the age and the initial helium content of the system and therefore to characterize the structure and evolutionary stage of the components (see e.g. Lebreton et al. 2001; Ribas 2006; Fernandes et al. 2012) . Such modelling provides insights on the physical processes governing the structure of the stars and gives constraints on the free physical parameters of the models, provided the masses are known with great accuracy (Lebreton 2005) . Therefore, modelling stars with extremely accurate masses (at the 1% level), for different ranges of masses, would allow one to firmly anchor the models of the more loosely constrained single stars.
At present, accurate masses are still rare: Torres, Andersen & Giménez (2010) have listed the non-interacting systems with masses more accurate than 3%. They found 95 eclipsing binaries (EBs) and 23 astrometric binaries (ABs). Therefore, the EBs are now the most common providers of masses, and, in addition, the analysis of their light curves can also provide accurate radius estimates. However, they are rare among binary stars, since their orbital plane must be oriented close to edge-on. As a consequence, there may be no or few EBs that are suitable for the study of some classes of stars. In contrast, observations of ABs are only limited by instrumental performance, and the rate of these systems will grow when the next generation of astrometric instruments comes on-line. The Gaia astrometric satellite should be the cause of this change.
Thanks to Gaia, astrometric orbits will be obtained for several systems which are already known as spectroscopic binaries (SB). When the radial velocities of both components of an SB will be measured, i.e. for double-lined SBs (SB2s), the products M1 sin 3 i and M2 sin 3 i may be derived from the orbital elements; therefore, when the inclination i of the orbit will be derived from Gaia observations, the masses of the components, M1 and M2, will be derived too. In addition, since the semi-major axis of an astrometric orbit is related to the luminosity ratio of the components, the individual magnitudes in the Gaia G band will also be obtained. A similar method was applied by Arenou et al. (2000) or Ren & Fu (2010) , using the astrometric measurements of the Hipparcos satellite; nevertheless, in the latter case, the results were significant for 13 systems only, and the minimum uncertainty of the masses was around 3%. As early as 1999, Halbwachs & Arenou (1999) have shown that the situation will be quite different with Gaia, due to the very high accuracy of this satellite. However, to fully take benefit of the exquisite accuracy of Gaia, the elements of the spectroscopic orbits must also be very precise. It was then decided to select known SBs, and to observe them with a spectrograph dedicated to the search of extrasolar planets, namely the Sophie spectrograph. Masses with relative errors smaller than 1% can then be obtained.
The selection of the sample of SBs is presented in Section 2 hereafter. This sample initially included a majority of single-lined binaries (SB1), since the detection of the spectral lines of the secondary component was expected for a fraction of them. The observation program that was carried out at the Haute-Provence Observatory since 2010 is presented in Section 3, and the results concerning new components are detailed in Section 4.
SELECTION OF THE SAMPLE

Choice of the criteria
The main source of spectroscopic binaries with known orbits is the SB9 Catalogue (Pourbaix et al. 2004) , which is regularly updated and accessible on-line 1 . The current version of the catalogue contains the orbital elements of 3208 SBs, and also, generally, their old radial velocity (RV) measurements. We included also in the selection process a few orbits that were still not in the SB9 at that time (in 2009): the orbits selected in Halbwachs et al. (2003) and the orbits published in Halbwachs et al. (2012b) .
Despite the quality of Gaia measurements, it will not be possible to derive accurate masses for all these stars, and it was necessary to select those which could really be attributed masses with a 1% accuracy. Schematically, this accuracy may be achieved if the RVs are sufficiently accurate to provide M1 sin 3 i and M2 sin 3 i with errors smaller than 1%, and if Gaia will also provide sin 3 i with errors below this limit. The minimum masses are calculated from the period, P , the eccentricity, e, and the semi-amplitudes of the RV of the components, K1 and K2, using the following relation:
where P is in days, K2,1 in km/s and the masses in solar units. If the orbital elements are derived from old measurements completed with recent ones, we may expect that the period will not significantly contribute to the error budget of the minimum mass. The main contribution comes from the semi-amplitudes. With velocimeters providing RV with errors usually between 0.3 and 0.5 km/s, the old orbits provide minimum masses with uncertainties equal to a few percent. If the errors are divided by 10 or more, the orbits that will be obtained will have minimum masses with the requested accuracy. Obtaining accurate masses depends then only on the derivation of sin 3 i from the Gaia astrometric measurements. To estimate if the relative uncertainty of sin 3 i will be below 1%, it is necessary to simulate the astrometric orbit observed with Gaia. The first step is the derivation of the input parameters of the astrometric orbit, as explained hereafter.
Parameters of the astrometric orbits
The spectroscopic orbital elements of an SB lead to several parameters of the astrometric orbit. They include the period, the eccentricity, the epoch and the longitude of periastron. The missing parameters are the position angle of the ascending node, Ω, the semi-major axis of the photocentric orbit, a0, and the inclination of the orbit. The position angle Ω was randomly generated, but it could have been arbitrarily fixed as well, since this would not have changed the results of the simulations. The choice of the method of derivation of the inclination is tricky: For an SB2, it is tempting to derive i from the value of M1 sin 3 i coming from the spectroscopic elements, assuming a value of M1 corresponding to the spectral type of the star. However, this would lead to an overestimation of sin i when the actual mass is larger than the mass given by the calibration. Our simulations have shown that the uncertainty of the mass of the components is much smaller when the inclination is large, i.e. when the system is oriented edge-on, than when it is small (near poleon orientation). Therefore, deriving i from M1 sin 3 i would lead to selecting preferably SB2s with masses larger than the value coming from the spectral type. In order to avoid this bias, we preferred to generate i from the sin i distribution, although this distribution refers to all binaries as a whole. This method was also applied to the SB1s.
Once the inclination is known, the semi-major axis of the photocentric orbit may be derived from the following equation:
where a1 sin i, in astronomical units, is derived from the elements of the spectroscopic orbit, and ̟ is the parallax, in the same unit as a0. The other terms are the mass ratio, q = M2/M1, and the luminosity fraction in the G photometric band of Gaia, β = L2/(L1 + L2). The mass ratio is known for the SB2s, and also for some SB1s for which it was derived from Hipparcos observations (Halbwachs et al. 2003) . For the other SB1s, q is derived from the mass function, assuming the inclination obtained as above and deriving the primary mass from the spectral type. When the magnitudes of both components were known, β was derived from the difference of magnitudes. Otherwise, it was derived from the mass ratio. In both cases, it was necessary to derive ∆G, the difference of the magnitudes of the components in the G band. From the relations given by Schmidt-Kaler (1982) for the main-sequence stars and from a preliminary calibration of G, it was derived that ∆G = −7.3 log q, and, therefore, ∆G = 0.73∆V . It is worth noticing that a new relation between the color indices (G − V ) and (B − V ) was published later by Jordi et al. (2010) , and that the slope of the relation "absolute G magnitude vs log M" is now around -9.5 rather than -7.3, as we assumed. Therefore, it is possible that a few SBs were discarded in the selection process because the semi-major axis of the orbit of the photocentre was slightly underestimated.
Once the parameters of the astrometric orbit were generated, they were used to simulate Gaia observations.
Simulation of Gaia observations
We used the model of Gaia observations described in Halbwachs (2009) . This model is crude as it does not reproduce the relation of the scanning law with the coordinates of the star. It leads however, on average, to the same uncertainties as the accurate model. We remind the reader that an astrometric observation of Gaia consists in the measurement of the abscissa of the photocentre of the binary star along a scanning axis. The position of the photocentre was derived from the parameters of the astrometric orbit, and also from the coordinates, the parallax, and the proper motion of the barycentre of the binary. An instrumental error was generated randomly, and it was added to the abscissa in order to produce an astrometric measurement. A complete astrometric solution was derived from the simulated measurements. This solution included the parallax, the proper motion, the semi-major axis, the orbital inclination, but not the period, the eccentricity, the epoch, and the longitude of the periastron, since they are supposed to be fixed to their actual values thanks to the known spectroscopic orbit. The error of sin 3 i was thus derived for each simulated orbit. Ten thousand orbits, based on 10 000 values of the inclination, were generated for each SB, and the proportion of solutions with relative errors of sin 3 i smaller than 1% was finally obtained. When this proportion was larger than 20%, the SB was selected.
The procedure described above was applied to the SBs of our input list. As mentioned above, SB1s were also included in the selection, but with a restriction: in practice, the secondary spectrum is visible with Sophie only when the mass ratio is larger than around 0.5. Therefore, the SB1s were considered for selection only when the minimum mass ratio, as estimated from the mass function, was larger than 0.3. Otherwise, the mass ratio could be as large as 0.5, but only if the inclination of the orbit is small. Since the orbits with small inclinations have large errors for sin 3 i, it was better to discard them.
Only the stars fainter than 6 m were selected, since, at the time the sample was chosen, Gaia was not expected to make usable observations of brighter stars. The stars with declinations below -5˚were also rejected, since they could not be easily observed from the South of France. After rejection of the systems known to be triple, a selection of 200 SBs with a probability better than 20% to get components masses more accurate than 1% was finally obtained. It contained 152 SB1s and 48 SB2s.
THE OBSERVATIONS
The observation program began in 2010, and it is still on-going. We are using the T193 telescope of the HauteProvence Observatory, with the Sophie spectrograph in high resolution mode. The minimum signal-to-noise ratio is 50. When this would lead to observing time shorter than 3 minutes, it is increased to 100 or to 150. Since the orbital elements of the stars are already known, ephemerides are computed before each run, in order to observe with higher priority the stars where the components have RV sufficiently different to be accurately measured.
From 2010 to 2013, our program totalled 30 nights of observations, distributed over 16 observing runs during which 727 spectra have been acquired on the 200 target stars. The Sophie pipeline immediately derives the cross-correlation function (CCF) of each spectrum with a mask function chosen by the observer to match the stellar spectral type. The range of derivation of the CCF is chosen in order to include the correlation dips of both components, when they are visible. Thanks to this facility, the orbital elements of the stars were verified, and, whenever necessary, they were updated for the next run.
The CCFs of the SB1 were inspected in order to find the correlation dip of the secondary component. When the companion was not visible, despite a favorable orbital phase, the star was flagged as confirmed SB1, and set aside. Otherwise, it was flagged as a new SB2.
THE ADDITIONAL COMPONENTS
DISCOVERED WITH SOPHIE
Double-lined binaries and multiple systems
The dip of an additional component is visible on the CCFs of 25 stars which were previously classified as SB1. Among these stars, it appears that 5 are clearly at least triple, and that 20 are SB2. The multiple systems are BD +13 331, HIP 35664, HD 115588, HD 149240 and HD 207739. More information about these stars is provided in the notes, Section 4.5.
Derivation of the radial velocities of the components of the new SB2s
The RVs of both components were derived from the CCFs, as described hereafter. This method is not as sophisticated as the two-dimensional correlation algorithm TOD-COR ( sufficient for a preliminary estimation based on a small number of observations. It was already mentioned in Section 3 that the Sophie pipeline provides the CCF of each spectrum with a mask. An example is presented in Fig. 1 . The first step of the reduction consists in fitting a linear function to the background. The normalized slope, i.e. the slope divided by the estimation of the background for RV = 0, is then fixed, and two normal distributions are fitted to the CCF around the minima corresponding to the components. The RVs of both components are thus derived. The model applied to the CCF contains 8 parameters: the normalized slope of the background, the value of the background for RV = 0, and, for each dip, the normalized depth, the standard deviation and the position of the minimum. When several spectra of the same SB are available, the calculation is improved by considering all the CCFs at the same time. Many parameters are then common to all of the CCFs: the normalized slope of the background is set to its mean value, and, in addition to the background level for RV = 0, only the positions of the dips, i.e. the RV of the components, are varying from one CCF to another. In order to compensate the errors coming from the difference between the model and the actual CCFs, the RV errors obtained from this computation were corrected in order to have F2 = 0, where F2 is the estimator of the goodness-of-fit defined in Stuart & Ord (1994) , as:
where ν is the number of degrees of freedom and χ 2 is the weighted sum of the squares of the differences between the predicted and the observed values, normalized with respect to their uncertainties. When the predicted values are obtained through a linear model, F2 follows the normal distribution N(0, 1). When non-linear models are used, but when the errors are small in comparison to the measurements, as hereafter, the model is approximately linear around the solution, and F2 follows also N(0, 1).
The RVs derived with this method depend on two parameters, which are the parts of the CCF used to fit the normal profiles of the dips, and the normalized slope of the background. The effects of these parameters are discussed hereafter. First of all, the normal distribution is a very good model to describe the CCF near the minimum of a dip, but, when one moves away from the minimum, the real curve suddenly diverges from the model: in reality, the transition from the bell shape to the flat background is not so smooth as in the normal distribution. Therefore, the normal distribution must be fitted only on a restricted range around the minimum of the dip. The extension of this range depends on the star: for a late-type dwarf with a narrow dip of around 3 km/s, it may be more than twice the standard deviation of the dip, σ. In contrast, for some early-type stars with correlation dips as wide as 40 km/s, it does not exceed 0.5σ. It is worth noticing that the error generated by the discrepancy between the normal model and the actual shape of the dip is very small when single stars are considered. For double stars, errors may come from the contamination from the dip of the companion. This effect is avoided by restricting again the range around the minima, and by discarding the CCFs with dips too close one to another. For this reason, for the computations hereafter, the adopted range never exceeds 1.4σ. The other effect is the slope of the background. The actual background is not perfectly a line, as assumed in the model, and, even when it is fitted to several CCFs, the normalized slope assumed in the calculation is a bit arbitrary. However, changing the slope essentially results in shifting the velocities of both components by constant values, which depend on the standard deviations of the dips. Therefore, the orbital elements and the mass ratio remain the same when they are derived introducing among the parameters a constant offset between the velocities of the components.
The mass ratios of the new SB2s from preliminary orbital solutions
The mass ratio of an SB2 is usually obtained from the orbital elements, through the equation qK = M2/M1 = K1/K2. Using this formula requires the derivation of all the orbital elements of the SB2, a computation which is not possible when only the few spectra obtained with Sophie are taken into account. However, when the old measurements supplied by the SB9 catalogue are added, this calculation is possible with only 3 spectra giving the RVs of both components, when they are sufficiently different: the measurements of the RV of the primary components lead to a verification, and, possibly, a correction of the periastron epoch and of the period; the measurements of the secondary RV lead to the offset between the Sophie measurements of the components, and to an estimation of K2. The mass ratios in the column "qK = K1/K2" of Table 1 were thus obtained. As in the previous step, the uncertainties coming from the least-square computation were corrected in order to have F2 = 0.
No result is given for HIP 101452, since the measurements used to derive the old orbit were never published. 
Derivation of the mass ratio directly from the CCF
The mass ratio of an SB2 may be derived from the Sophie spectra alone, without computing the orbital elements, simply assuming instead that the RV of the secondary component is varying symmetrically to that of the primary. It obeys the relation v2 = vγ −(v1−vγ )/q, where vγ is the RV of the barycentre and v1 is the RV of the primary component. Therefore, v2 may be written as:
The term v02 is constant, since v02 = vγ (1 + 1/q). It comes from equation (4) that v2 is a linear function of v1 with the slope −1/q. This conclusion is valid even when the RV of both components are each shifted with a constant systematic error. This results in adding to v02 the difference of the errors, but this does not affect the estimation of q.
In principle, in order to obtain the mass ratio, it is then sufficient to consider the velocities of the components at two different phases of the orbit, corresponding to two different values of (v1, v2). This method is illustrated in Fig. 2 .
Again, the mass ratio is derived from a unique computation based on all the CCFs selected to derive K2 above. The model used to derive the RV is modified, thanks to equation 4. The parameters v02 and q are then common to all the CCFs, and only v1 is changing. Again, the RVs of each component are affected by a bias depending on the spectral type, but this bias does not affect the evaluation of the mass ratio, but only that of v02.
The mass ratios obtained are listed in Table 1 , in the column "q∆ = ∆V1/∆V2". As for the other estimations of q, the uncertainties are corrected in order to have F 2 = 0. Although they were obtained from the same CCFs, the mass ratios are not exactly equal to those obtained in Section 4.3. The difference comes from the methods: qK is derived assuming a Keplerian motion, and taking into account the old measurements. In contrast, q∆ is derived from the CCF alone, assuming a linear relation between the RVs of the components. This linear relation is not a consequence of Kepler's laws, but only of the principle of Galilean relativity: the barycentre of the system is moving with a constant velocity.
A comparison with column qK shows that both methods give nearly the same results; this confirms their reliability.
The mass ratios are plotted versus the primary spectral types in Fig. 3 . The absolute magnitudes of the Hipparcos stars were derived from their trigonometric parallax, and the stars more than 2 mag above the main sequence are indicated as "evolved" in this figure. It appears, then, that 8 of the new SB2s are evolved stars, including 7 G-type or K-type stars.
Adding these 20 new SB2 to the 48 which were already known, we obtain a total sample of 68 SB2s with spectral types from A0 to M0. This sample contains two late-type giant stars. In addition, when we count 10 stars classified as subgiant, or without known luminosity class but more than 2 mag brighter than the main sequence. It is worth noticing that, among the 12 evolved stars thus selected, 8 are new SB2s. The difference in the proportion of evolved stars among the previous SB2s (4/48) and among the new ones (8/20) cannot be a random effect: a calculation based on the hypergeometric distribution shows that this hypothesis is rejected at the 0.4 % level of significance. It is due to the fact that Sophie makes possible the detection of a faint secondary component.
Notes about individual objects
HIP 626. The mass ratio is rather uncertain, since all the spectra are so blended that the secondary dip is always embedded in a wing of the primary dip. The SB1 orbit by Massarotti et al. (2008) does not fit our measurements. It seems that the period is around 3250 days instead of 1568. The star is probably evolved, since it is 3.4 mag brighter than a G5 dwarf. HIP 7134. A preliminary SB2 orbit was published by Halbwachs et al. (2012a) . dip of the star is not as deep as expected for a K0 star, and that the mass function is excessively large. Our observations confirm that the system is multiple: a deep secondary dip is clearly visible on the CCF of the first spectrum, which was taken on JD2455306.52685. It was not observed again later, even when the primary component had the same RV as at the first observation, but the primary dip was sometimes asymmetrical, suggesting that a secondary dip was embedded in a wing. HIP 101452. An A0p star with a secondary dip almost as deep as the primary one, but which previously escaped detection due to its width (about 30 km/s). Northcott (1948) published an SB1 orbit, but she didn't provide the RV measurements; therefore, it was not possible to compute qK . HD 207739. An F8 + B binary system studied by Griffin et al. (1990) , who pointed out the very large mass function of the SB1 orbit derived from the F-type component. The B component is not visible on the CCFs that we obtained, but the correlation dip is clearly double on one observation. The F-type component is probably an SB2. HIP 110900. Another small secondary dip, close to the detection limit for a star observed with SNR=50. The depth is only 7 % of that of the primary dip. In addition, the only CCF with the secondary dip on the right side of the primary is severely blended, contributing to the large uncertainty of q. The absolute magnitude of the star is mag 3, indicating that its luminosity class is probably not V, but IV. This would explain the difficulty to detect the secondary component.
DISCUSSION AND CONCLUSION
We have selected 200 SBs for which it should be possible to derive the masses of the components with an accuracy close to 1 %, merging data of two different kinds: the astrometric measurements of the Gaia satellite, and high-precision RV measurements of both components. These stars have been observed for 8 semesters with the T193 telescope of the Haute-Provence Observatory, and, thanks to the sensitivity of the Sophie spectrograph, we obtained a final sample of 68 double stars which are now observed in order to obtain the masses of the components with high accuracy when the astrometric measurements of Gaia will be available. Thanks to the 20 new SB2s we have found, the number of evolved stars increased from 4 to 12, including 2 late-type giants. The mass ratios of the new SB2s are derived from our measurements. The new SB2s are distributed in 2 categories, according to the correlation dip of the secondary component:
• The secondary component is a low-rotation star. The majority of the stars are in this category. The secondary component was too faint to be visible on photographic plates of the spectra, or on the CCF obtained with Coravel. The primary component is an early-F type star, or a star of later type. When it is a fast rotator, the narrow correlation dip of the secondary is easily visible when added to the wide primary dip, allowing detection even when the mass ratio is as small as around 0.5 (HIP 69481). When it is a mainsequence star, the mass ratio is usually between 0.5 and 0.7. When it is an evolved star, the mass ratio is larger than 0.7.
• Pair of fast rotators. The primary component is an Atype or a F-type star, with a wide correlation dip. The secondary is a star similar to the primary, with a wide correlation dip. The mass ratio is then rather large (q > 0.7), since the secondary component must be bright to be detected. HIP 25160, 48895 and 101452 belong to this category.
The mass ratios of the new SB2s are listed in Table 1 , so they are available for any project requiring this information. For instance, they may be used to derive the semi-major axes of the relative orbits and to select targets for interferometric observations. Another application would be the derivation of the distribution of q in statistical studies.
We also notice that, despite the small number of measurements and the difficulty to detect the secondary dips, the mass ratios were derived with an accuracy better than 1 % for 13 of the new SB2. Our observation program will be continued until we will have enough measurements to derive the elements of the SB orbits from the Sophie RV alone, and this will still require a few years. Nevertheless, the accuracy of the mass ratios already obtained looks very promising for the final results of the program.
